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Abstract
In this Letter we present additional experimental characteristics of anomalous soft photon radiation observed in π−p
interactions at 280 GeV/c in the CERN experiment WA91, together with a re-calculated ratio of the observed direct soft
photon signal to the expected level of the hadronic inner bremsstrahlung, which is found to be 5.3± 1.0. The other presented
characteristics, energy dependence and angular distributions of direct soft photons, show the similarity of the observed signal
to the expected hadronic bremsstrahlung behaviour.
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1. Introduction
It was shown 50 years ago that, from the theoretical
point of view, the production of direct soft photons
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in hadronic collisions at high energy is dominated by
inner bremsstrahlung emitted by ingoing and outgoing
charged hadrons participating in the reaction [1,2].
However, since the first experimental results on soft
photon production in hadronic collisions started to
appear, an excess of soft photons over the predicted
level has been reported several times [3–5]. The
excess photons which were dubbed as anomalous soft
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photons (ASP) were found to dominate the PT range
below 20 MeV/c in the forward kinematic region
(yc.m.s. > 1). Reviews of the first experimental results
and the attempts at theoretical explanations of the
ASP phenomenon can be found in [6,7]. Currently, no
theoretical explanation exists for the ASP photons in
the PT range below 10 MeV/c where the effect is most
prominent.
In Ref. [8], we published a paper on an excess
of soft photons (PT  20 MeV/c, 1.4 < yc.m.s.  5)
produced in π−p interactions at 280 GeV/c. The main
result of that Letter was presented in two forms:
(i) a soft photon rate (after non-direct soft photon
background subtraction), of (9.8 ± 0.4 ± 1.5)%
per interaction;
(ii) and a ratio of the observed direct soft photon sig-
nal to the expected level of the inner hadronic
bremsstrahlung. The bremsstrahlung rate was cal-
culated to be (1.25±0.05±0.13)%. This resulted
in a Signal/Bremsstrahlung ratio of 7.8± 1.5.
Further study of the signal has been carried out with
the aim of extracting more experimental characteris-
tics of the ASP radiation using WA91 data. We re-
port in this Letter the dependence of the radiation from
π−p interactions at 280 GeV/c on the photon energy
and polar angle.
Meanwhile, the development of our Monte Carlo
code has shown that the inner bremsstrahlung rate
quoted in paper [8] was underestimated by a factor
of about 1.4. Consequently, the ratio of the observed
signal to the expected bremsstrahlung level decreases,
but still remains anomalously high. Thus in this Letter,
we give a corrected ratio of the observed soft photon
signal to the re-calculated inner bremsstrahlung rate.
2. Photon selection and expected photon rates
Our results are based on the data of the CERN
WA91 experiment. The data were collected in a
special run designed for the study of inclusive soft
photon production in π−p interactions at 280 GeV/c.
Minimum bias (interaction) triggers were collected.
Of these 1.6 × 106 events with an interaction vertex
located within the beam region inside the 60 cm
hydrogen target and having less than 8 charged tracks
have been used in this analysis.
The apparatus and experimental method are de-
scribed in details in [8,9]. Here we simply note that
photons from π−p interactions in the OMEGA spec-
trometer were detected via the materialisation of the
photon into an electron–positron pair in a 1mm thick
Pb sheet placed at a distance of 73 cm downstream
of the target center. The e+e− were reconstructed as
V 0’s from the digitizations produced in the down-
stream MWPCs using a modified version of the stan-
dard TRIDENT reconstruction program [10], which
enabled reconstruction of tracks originating in the Pb
sheet with momenta down to 40 MeV/c. Only well re-
constructed photons which were well separated from
charged tracks were accepted for analysis: it was re-
quired that a distance from the γ apex to the nearest
track in the x–y plane (perpendicular to the OMEGA
magnetic field direction) was greater than 3 mm. For
the calculation of the photon polar angle θ and the as-
sociated variable of transverse momentumPT , we pre-
ferred, instead of the photon momentum direction de-
termined from the e+e− pair, the more precise direc-
tion given by using the reconstructed interaction point
in the target and the photon materialisation point in the
lead sheet.
The main sources of soft photons in our experiment
are known to be: (i) inner hadronic bremsstrahlung;
(ii) photons from hadronic decays, and (iii) external
bremsstrahlung (secondary radiation from e+e− pairs
from photons converted in the material upstream of
the lead sheet: target, target walls, Silicon detector,
etc.). It was found that each of these three sources
contributes about 10% of the observed soft photon
rate. Other sources also were considered and found to
give small yields: photon radiation from Dalitz pairs
from π0, η and ω decays, knock-on electrons from
energetic tracks, and spurious γ ’s (V 0 consisting of
hadronic tracks which nevertheless satisfy the photon
selection criteria). These estimations were done using
a Monte Carlo program which transports the particles
generated by the FRITIOF code [11] (γ ’s and Dalitz
e+e− pairs included) through our experimental set
up. The EGS4 code [12] was involved for the proper
treatment of the e+e− pairs and photons. Expected
background rates are shown in Table 1.
A generator of the inner bremsstrahlung photons
was added to the FRITIOF code and the bremsstrahlung
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Table 1
Calculated soft gamma yields (0.2 < Eγ < 1 GeV, θ < 20 mrad).
The quoted errors are statistical. The systematic errors for back-
ground calculations are estimated to be 10%, and for inner
bremsstrahlung 5%
Source Number of γ per event (%)
(see text for definitions) corrected for conversion efficiency
(a) Inner bremsstrahlung 1.74± 0.03
(b) γ ’s from hadronic decays 1.73± 0.03
(c) Dalitz pairs 0.07± 0.01
(d) Knock-on electrons 0.002± 0.001
(e) Spurious γ ’s (1± 1)× 10−3
(f ) Secondary γ ’s 1.92± 0.04
Sum over sources (b) to (f) 3.72± 0.05
(full non-direct photon
background)
calculations were performed using the form suggested
in Ref. [13]:
dσ
d3k =
α
(2π)2
1
Eγ
∫ (
d3 p1 · · ·d3 pN
(1)×
∑
i,j
ηiηj
pi⊥ pj⊥
(PiK)(PjK)
dσH
d3 p1 · · ·d3 pN
)
,
where K and k denote photon four- and three-
momenta, P and p are 4- and 3-momenta of charged
hadrons, pi⊥ = pi − (n pi)n, n is the photon unit vec-
tor. η = 1 for the beam π− and positive outgoing par-
ticles, η =−1 for target protons and negative outgoing
particles, and the sum being extended over all charged
particles.
The study of possible systematic errors of hadronic
background and inner bremsstrahlung estimations was
done varying the charged multiplicity of generated
events, the input spectra of hadronic photons,2 and
testing the stability of the formula for the inner
bremsstrahlung calculation (1) against the charged
particle losses. It was found that the photon rates given
in Table 1 remain stable within 5–10% with the MC
variations listed above.
The photon reconstruction efficiency (selection ef-
ficiency included) was determined by implanting MC
2 Variation of the accepted charged multiplicity affects back-
ground photon rates. Even with a fixed charged multiplicity, the pho-
ton spectra vary slightly (both, in shape and in rate) when varying
the acceptance conditions for the charged tracks (rejecting low mo-
menta and/or wide angle tracks).
photons (converted in the lead sheet to e+e− pairs
and transported through the experimental setup using
EGS) into the raw data of real events followed by a full
reconstruction and analysis treatment. The efficiency
was binned as a two-dimensional table over the pho-
ton energy and emission angle. The systematic error
for the efficiency averaged over our kinematic domain
was found varying parameters of the efficiency finding
code and does not exceed 10%. This error dominates
the systematic error of the real data photon rate.
We used the implantation technique to prove that
the PT measurement, based on the γ apex coordinate
finding, is not distorted by multiple scattering. The
PT error comes mainly from the reconstruction error
in the γ apex z coordinate, and was found to be
±2.9 MeV/c, with the θ accuracy of ±5.6 mrad.
As to the γ energy measurement, it was accurate to
within 10 MeV. (All errors quoted in this paragraph
are average and relevant to the photon energy range of
0.2–1 GeV.)
3. Signal of direct soft photons
The PT spectrum of reconstructed photons emitted
inside a cone of half angle of 240 mrad around the
beam direction and with energy 0.2 < Eγ < 1 GeV,
corrected for reconstruction and conversion efficiency,
is shown in Fig. 1 as full circles, the background spec-
trum in the same kinematic region obtained using our
Monte Carlo code as described above, is shown by
open circles, and the bremsstrahlung predictions by
triangles. Here and in subsequent figures the errors
plotted are statistical. As can be seen from the figure,
the data follow well the expected PT distribution of
photons coming from the hadronic decay background
above a PT of 30 MeV/c. In contrast to the presen-
tation of [8], as a result of our MC development, we
do not need any additional normalisation factor for the
data and MC spectra at higher PT to be in good agree-
ment. For PT < 20 MeV/c a clear excess exists which
rises towards small PT . As can be seen by comparing
Figs. 1(a), (b) with Figs. 1(c), (d), this excess is essen-
tially concentrated in angles θ < 20 mrad.
The ratio of photons in the kinematic region 0.2 <
Eγ < 1 GeV, θ < 20 mrad to the number of interac-
tions is (12.9 ± 0.4)%, having taken account of the
photon conversion probability. The quoted error is sta-
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Fig. 1. (a) PT distribution for photons with energy 0.2 < Eγ < 1 GeV, θ < 240 mrad corrected for detection efficiency. “Data” means the
experimental data, “BG” means the full non-direct photon background, and “Brems” stands for inner hadronic bremsstrahlung; (b) same with
the background subtracted; (c), (d) same as (a), (b) but within interval θ < 20 mrad.
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tistical. The systematic error, mainly due to uncer-
tainty in the reconstruction efficiency, is below 12%
of the rate. Reducing the photon rate by the sum of
non-direct soft photons yields (background contribu-
tions (b) to (f) of Table 1) we find that, in the de-
fined kinematic region, the signal of the soft photons
is (9.2± 0.4± 1.5)% per interaction.
The ratio of the observed signal to the expected
inner bremsstrahlung is 5.3 ± 1.0, thus confirming
the ASP effect. The uncertainty in the ratio comes
mainly from the efficiency corrections and the inner
bremsstrahlung MC calculations.
4. Energy dependence
The spectra of soft photons corrected for the recon-
struction and conversion efficiency, before and after
subtraction of the non-direct γ background, are shown
in Fig. 2 together with the predicted bremsstrahlung
distribution (photons in the spectra are restricted to the
interval of θ  20 mrad).
The spectra were fitted by a form
(2)dNγ
dE
=A
(
E
E0
)α
,
where E0 = 1 GeV, with the following result for the fit
parameters:
(a) Data (non-direct photon background subtracted):
A= (6460±540±1910)GeV−1, α =−1.11±0.09±
0.15.
(b) Bremsstrahlung γ ’s: A= (1460± 44) GeV−1,
α =−0.93± 0.04.
Systematic errors for the parameters A and α in
the data fit were determined by scaling photon spectra
from the data and hadronic background within the
ranges of their systematic errors.
It appears therefore that the energy dependence of
the observed soft photon signal agrees well with that
of the bremsstrahlung, 1/E.
5. Angular distributions
The distributions of the soft photons against polar
angle θ are presented in Fig. 3, namely, the experi-
mental data corrected for reconstruction and conver-
sion efficiency, MC predictions for non-direct (back-
Fig. 2. (a) Energy distributions of soft photons in the angular range
of 0–20 mrad; (b) same with background subtracted and fit curves
superimposed.
ground) γ ’s, and predictions for the inner hadronic
bremsstrahlung (note, the latter does not present a the-
oretical 3 angular distribution, being smeared by MC
procedure involving experimental resolution). The dis-
tributions are plotted for two energy bands: 0.2–
0.5 GeV and 0.5–1 GeV.
It can be seen from these plots that the excess
of observed photons over the background is larger
at small angles, behaving similarly to the hadronic
3 A theoretical angular distribution is much narrower, having a
maximum (in our case of 280 GeV/c π−p interactions) at about
0.5 mrad.
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Fig. 3. Angular distributions of soft photons. (a) Experimental data and MC predictions for background γ ’s and bremsstrahlung for
0.2 <Eγ < 0.5 GeV; (b) same with background subtracted; (c), (d) same as (a), (b) but for 0.5 <Eγ < 1 GeV.
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bremsstrahlung, and decreases in absolute value at
wider angles. However, it is difficult to conclude
what is the behaviour of the photon excess at wide
angles where the signal (anomalous photons + inner
bremsstrahlung) is small and the hadronic background
is large while the systematic errors for the data and
background are of the order of 10–12%, as in our
case. It follows from this that the investigation of the
anomalous photons at wide polar angles (say, at θ >
50 mrad) requires a reduction of systematic errors in
the data and background down to 2–3% (even merely
to establish the presence of the direct photons) which
is a difficult task (see, e.g., [14]).
At small angles (below 20 mrad) we compared the
experimental characteristics of the soft photon signal
presented here, i.e., for the data of the experiment
WA91, with those reported in [15] (see Figs. 3 and
4 therein) for the data of the experiment WA83, which
studied the same channel (inclusive production of soft
photons in π−p interactions at 280 GeV/c) using a
calorimetric method [5]. We find that they are in good
agreement.
6. Conclusion
The characteristics of the anomalous soft photon ra-
diation observed in π−p interactions at 280 GeV/c
show features similar to those predicted for inner
hadronic bremsstrahlung, excepting the absolute pho-
ton rate. The ratio of the observed signal to the ex-
pected inner bremsstrahlung is re-calculated to be
5.3± 1.0.
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